Long noncoding RNAs (lncRNAs) are emerging as key molecules in regulating many biological processes and have been implicated in development and disease pathogenesis. Biomarkers of cancer and normal tissue response to treatment are of great interest in precision medicine, as well as in public health and medical management, such as for assessment of radiation injury after an accidental or intentional exposure. Circulating and functional RNAs, including microRNAs (miRNAs) and lncRNAs, in whole blood and other body fluids are potential valuable candidates as biomarkers. Early prediction of possible acute, intermediate and delayed effects of radiation exposure enables timely therapeutic interventions. To address whether long noncoding RNAs (lncRNAs) could serve as biomarkers for radiation biodosimetry we performed whole genome transcriptome analysis in a mouse model after whole-body irradiation. Differential lncRNA expression patterns were evaluated at 16, 24 and 48 h postirradiation in total RNA isolated from whole blood of mice exposed to 1, 2, 4, 8 and 12 Gy of X rays. Sham-irradiated animals served as controls. Significant alterations in the expression patterns of lncRNAs were observed after different radiation doses at the various time points. We identified several radiation-induced lncRNAs known for DNA damage response as well as immune response. Long noncoding RNA targets of tumor protein 53 (P53), Trp53cor1, Dino, Pvt1 and Tug1 and an upstream regulator of p53, Meg3, were altered in response to radiation. Gm14005 (Morrbid) and Tmevpg1 were regulated by radiation across all time points and doses. These two lncRNAs have important potential as blood-based radiation biomarkers; Gm14005 (Morrbid) has recently been shown to play a key role in inflammatory response, while Tmevpg1 has been implicated in the regulation of interferon gamma. Precise molecular biomarkers, likely involving a diverse group of inducible molecules, will not only enable the development and effective use of medical countermeasures but may also be used to detect and circumvent or mitigate normal tissue injury in cancer radiotherapy. Ó 2018 by Radiation Research Society
INTRODUCTION
We are living in an increasingly discordant world in which we face a growing risk of terrorism and statesponsored nuclear conflicts, as well as an increased dependence on nuclear energy. An accidental or intentional large-scale exposure to potentially lethal radiation doses is a recognized threat. In mass casualty scenarios, it would be imperative to differentiate people into categories ranging from those needing urgent and immediate medical aid to those with very low or no exposure who need assurance and possibly long-term follow-up but not immediate attention from a stressed medical system. A rapid and effective triage of the exposed population requires accurate radiationsensitive biomarkers and easy-to-use and cost-effective assays. Timeliness of results is critical, since medical countermeasures (MCMs) may have a limited window of efficacy (1) .
Currently, the criteria to assess exposure and tissue damage caused by radiation, in addition to a person's location relative to the exposure, is based on 1. the time to onset of vomiting; 2. decline in absolute lymphocyte count; and 3. identification of chromosomal aberrations (2, 3) . Onset of clinical symptoms such as fever, nausea, vomiting and a decrease in total blood count are important criteria for diagnosing acute radiation syndrome (ARS). Symptomatic changes are useful but can be nonspecific and are not sufficient for determining medical management (4, 5) . Cytogenetic observations such as dicentric chromosomes and micronuclei in cultured peripheral blood lymphocytes are the current ''gold standards'' for assessing radiation biodosimetry (6) . In addition to being labor and expertise intensive, use of cytogenetics is contingent on the presence of sufficient numbers of viable lymphocytes for the induction of mitosis (7) . Cytogenetic assays require long preparation times (72 h), which are beyond the time needed for mitigation of the hematological ARS. Highly sensitive molecular signatures predicting accurate radiation dosimetry in a time-dependent manner need to be identified. Proteins like ataxia telangiectasia mutated (ATM), tumor protein 53 (TP53), phosphorylated histone 2AX (c-H2AX) and cyclin dependent kinase inhibitor 1A (CDKN1A) are potential biomarkers for radiation exposure based on several cell line studies (8) . Efforts are underway to identify genomic, proteomic, transcriptomic and metabolomic biomarkers (9) (10) (11) .
With the advent of deep RNA sequencing techniques (12) and completion of the ENCyclopedia of DNA Elements (ENCODE) project (13) , it has now become clear that 60-70% of the human genome is transcribed into RNA, of which only 2-2.5% is translated into proteins. The function and complexity of this copious amount of noncoding RNA is beginning to emerge. It is well known that various classes of noncoding RNA (ncRNA), e.g., tRNA, rRNA, snRNA, snoRNA, miRNA and piRNA, play crucial roles in protein synthesis, mRNA splicing, transcriptional regulation and gene silencing. A new class of ncRNAs identified in deep sequencing studies are the long noncoding RNAs (lncRNAs). They are arbitrarily defined as transcripts greater than 200 nt in length lacking a clear protein coding ability (14) . Several lncRNAs, such as XIST, lincRNA-p21, HOTAIR and H19, to name a few, have been known to control gene transcription, gene silencing and/or chromatin modulation for decades (15) . There are mechanistic differences among lncRNAs. They may fulfill their roles by acting as either signals, decoys, scaffolds, guides or by forming DNA-RNA triple helices (16, 17) . LncRNA biomarkers are being investigated and identified in several disease conditions such as cancer and cardiovascular pathologies (18) (19) (20) (21) (22) (23) . Serum-circulating lncRNA signature has been proposed for assessing heart failure (24) . Various published studies have proposed circulating lncRNA signatures as diagnostic and prognostic biomarkers in different types of cancers (25) (26) (27) (28) (29) .
There is now ample evidence that lncRNA transcripts are modulated in response to radiation. Some lncRNAs have been found to confer radioresistance on different kinds of cancer cells (30) (31) (32) (33) (34) making them attractive targets in multimodal cancer therapies. Published studies of whole genome expression analysis have identified lncRNA transcripts changing in response to either ultraviolet (UV) or ionizing radiation in cultured peripheral blood mononuclear cells (PBMCs) (35) , thymocytes (36) , melanocytes (37) and human bronchial epithelial cells (38) . High-and low-dose X rays were found to induce different subsets of lncRNAs in primary breast epithelial cells (39) . To our knowledge, there have been no studies done previously to examine the changes in lncRNA expression profiles after whole-body irradiation in animal models. It is important to undertake such a study, since lncRNA biomarkers are emerging as potentially relevant for cancer care and in medical responses to accidental or intentional radiation exposure, based on the reasons discussed below.
Several lncRNAs are reported to play key roles in p53-dependent DNA damage response (38, (40) (41) (42) (43) and in immune regulation (44) (45) (46) . Tumor protein p53 pathway corepressor 1 (Trp53cor1) and damage-induced noncoding (Dino) are lncRNA targets of p53 and mediate p53-induced expression changes of target genes (40, 47) . Other p53-associated lncRNAs, such as plasmacytoma variant translocation 1 (Pvt1), metastasis associated lung adenocarcinoma transcript 1 (Malat1), maternally expressed 3 (Meg3) and taurine upregulated gene 1 (Tug1), have relevance to different kinds of cancers (48) (49) (50) (51) . While Meg3 is speculated to act as a tumor suppressor by stabilizing P53 protein, Malat1, Pvt1 and Tug1 have oncogenic properties. The lncRNA Theiler's murine encephalomyelitis virus persistence candidate gene 1 (Tmevpg1) has previously been shown to be expressed in natural killer cells, CD4
þ and CD8 þ T cells (52) . The Morrbid-myeloid RNA regulator of Bim-induced death, Gm14005, has recently been shown to control the survival of myeloid cells and therefore impacts on the duration of an inflammatory response (53) . Because radiation induces both DNA damage (54) and an associated systemic immune response (55) , and lncRNAs are being identified to play key roles in these processes, it is logical to study lncRNA profile changes as potential radiation biodosimetry markers. Interestingly, we observed that all the above-mentioned lncRNAs change upon whole-body irradiation in our study.
The expression patterns of lncRNAs have greater organ and tissue specificity compared to protein coding RNAs (56) . This characteristic makes them attractive targets in ascertaining organ-specific injury after partial-body exposures and clinical radiation therapy.
Comparisons of the most well-characterized lncRNAs point to the fact that as a class, lncRNAs make a highly complex and heterogeneous group. It would not be a surprise if several distinct sub-classes of lncRNAs were identified based on their structure, mechanisms of action and the level at which they operate. As functions of more and more lncRNAs are identified, it should eventually be possible to situate lncRNAs or the sub-classes at their proper place in the hierarchy of genome regulation. It is logical, therefore, that lncRNAs are included in any studies that address systems-level problems. Thus, in our studies to identify radiosensitive biomarkers, we are analyzing the lncRNA profiles along with miRNA and mRNA changes to investigate various aspects of transcriptional changes induced by radiation.
Here, we studied how lncRNA expression profiles change in the blood of female C57BL/6 mice after whole-body irradiation. A number of qualities make this study unique: 1.
It is the first reported work assessing genome-wide lncRNA signatures from blood after whole-body irradiation; 2. It uses a wide range of radiation doses (1-8 Gy and 12 Gy, the latter being a lethal dose) in an animal model; and 3. It assesses lncRNA expression profiles at both early (16 h) and late (24 and 48 h) time points postirradiation.
MATERIALS AND METHODS

Animal Irradiations
Female C57BL/6 mice (6-8 weeks old) were whole-body X-ray irradiated using the Small Animal Radiation Research Platform (SARRP; Xstrahl Inc., Suwanee, GA.). Mice were placed in plastic containers and exposed to a single surface dose of 0-12 Gy at a dose rate of 1.05 Gy/min. Control mice (0 Gy) were placed in the same plastic container as the irradiated and sham-irradiated. Three animals per dose per time point have been included in all the studies. Separate sets of animals were used for the microarray analysis and the qPCR validations (RT 2 lncRNA PCR Array mouse lncFinder and individual RT-PCR assays).
Terminal Blood Collection Using Cardiac Puncture
At 16, 24 and 48 h after whole-body irradiation (1, 2, 4, 8 and 12 Gy), anesthesia was induced with 2% isoflurane in oxygen for 5 min. A 25g needle attached to a 1-ml syringe was inserted into either notch of the mouse and directed towards the heart as determined by palpating for the heartbeat. Once the needle was inserted beneath the skin, gentle negative pressure was applied, by pulling backward on the plunger to collect approximately 500 ll of total blood. Blood (100 ll) was then transferred into five RNAprotect animal blood tubes (QIAGENt, Valencia, CA) and gently inverted 8 to 10 times. After an incubation of 2 h at room temperature, the samples were stored at -208C.
RNA Isolation
Total RNA was isolated using the RNeasy Protect Animal Blood Kit (QIAGEN) from the whole blood without separating serum or plasma. Briefly, all blood cells are lysed in the RNA Protect Animal Blood tubes (QIAGEN) and RNA (intracellular and extracellular) is precipitated along with cell debris. The pellet is washed once with RNase free water. RNA isolation is subsequently performed from the pellet using the manufacturer's protocol. Total RNA obtained was further purified and concentrated using the RNA Clean-up and Concentration kit (Norgen Biotek Corp., Thorold, Canada). Quality and quantity of the RNA samples were assessed using an Agilent Bioanalyzer with the RNA6000 Nano Lab Chip (Agilent Technologies; Santa Clara, CA). The RNA integrity numbers were consistent for all the samples and ranged from 8-9.
Gene Expression Microarrays
Total RNA (50 ng) was reverse transcribed after priming with a DNA oligonucleotide containing the T7 RNA polymerase promoter 5 0 to a d(T)24 sequence. After second-strand cDNA synthesis and purification of double-stranded cDNA, in vitro transcription was performed using T7 RNA polymerase. The quantity and quality of the cRNA was assayed by spectrophotometry and on the Agilent Bioanalyzer, as indicated, for total RNA analysis. cRNA was fragmented to uniform size and hybridized to SurePrint G3 mouse gene expression 8 3 60K, version 1 or 2 (design ID nos. 028005 and 074809, respectively; Agilent Technologies). Slides were washed and scanned on an Agilent SureScan Microarray Scanner. All arrays were processed with Agilent Feature Extraction software and data were analyzed with GeneSpring GX software (Agilent Technologies). To compare individual expression values across arrays, raw intensity data from each probe were normalized to the 75th percentile intensity of its array. Probes with intensity values above background in all samples within each group were used for further analysis. Differentially expressed probes at each time point (16, 24 and 48 h) for 0, 2, 4 and 8 Gy exposures were identified by analysis of variance (ANOVA) followed by Dunnett's test for comparison of dose response against sham-irradiated controls. ANOVA results were further adjusted using the Benjamini-Hochberg method to control the false discovery rate (fdr). Statistical tests were considered significant after stringent selection of 2-fold change and a P value 0.01 between each treatment group and its control.
RT 2 lncRNA PCR Array Mouse lncFinder
For lncRNA expression analysis we used RT 2 lncRNA PCR lncFinder array (product no. 330721, cat. no. LAMM-0012A-24; QIAGEN) with predispensed primers against 84 known lncRNAs in a 96-well plate format. Some of the controls spotted on the plate are: housekeeping genes (Actb1, B2m, Rplp0, Rnsk), mouse genomic DNA contamination (MGDC) and several reverse transcription (RTC) controls. Three animals/dose point/time point were used for the study. This set of animals was different from the animals used in microarray analysis. Prior to reverse transcription, genomic DNA was enzymatically eliminated. RT 2 PreAMP cDNA Synthesis Kit (cat. no. 330451, QIAGEN) was used for reverse transcribing 200 ng of total RNA and selectively preamplifying the 84 lncRNAs using RT 2 lncRNA PreAMP Primer Mixes (LBM-001Z) in a PCR reaction going for 12 cycles. The preamplified PCR mix was dispensed onto the RT 2 lncRNA PCR lncFinder array and qRT-PCR was performed using RT 2 SYBRe Green qPCR Master Mix (QIAGEN). PCR was performed in the Applied Biosystems' thermal cycler (cat. no. 7500). PCR steps included the holding stage at 958C for 10 min followed by 40 cycles of alternate denaturation at 958C for 15 s and annealing/ extension at 608C for 1 min. A melt curve analysis was also done to ensure the specificity of the corresponding RT-PCR reactions. For data analysis, the theshold cycle number (C t ) values were exported to an Excelt file (Microsoftt Corp., Redmond, WA) and uploaded into the RT 2 PCR array data analysis web portal (https://www.qiagen. com/dataanalysiscenter). Relative expression was calculated with reference to the gene (Gt(ROSA)26Sor).
Statistical analyses were performed using the freely available software R. Comparison between the groups for each time point (16, 24 and 48 h) was performed using ANOVA. Comparison of exposed and sham-exposed control groups with multiple comparison correction was performed using Dunnett's post hoc test. Differences were considered significant at P , 0.05. Adjusted P values (each exposed group against the sham-exposed control group) were computed by the functions provided in the package multcomp (http://CRAN.R-project. org/package¼multcomp) (57) .
Individual qRT-PCR reactions using RT 2 qPCR primer assays along with RT 2 First Strand Synthesis kit and RT 2 SYBR Green qPCR Master Mix (all from Qiagen) were performed for the following: Cdkn1a (assay ID no. PPM02901B), Trp53cor1 (assay ID no. LPM12776A), Dino (40) (FP-GCAATGGTGTGCCTGACTAT; RP-ACTTCTGGCTTCCCAGAG) and Rplp0 (assay ID no. PPM03561B) in the 48-h mouse blood samples; Cdkn1a, Dino, Trp53cor1, Tmevpg1 (assay ID no. LPM06775A), Gm14005 (assay ID no. LPM08583A) and Gapdh (assay ID no. PPM02946E) in the mouse embryonic fibroblast samples. 
Mouse Embryonic Fibroblast Culture Conditions and Treatment
Mouse embryonic fibroblasts (MEFs) were a kind gift from Dr. Andre Nussenzweig (NCI, Bethesda, MD). These studies were LONG NONCODING RNAs IN RESPONSE TO RADIATION done to investigate lncRNA changes after irradiation at the cellular level. Cells were cultured in DMEM (Invitrogene, Grand Island, NY) supplemented with 15% fetal bovine serum (FBS; Invitrogen) and 1% penicillin/streptomycin as described elsewhere (58) . At 24 h after plating, cells were X-ray irradiated at room temperature (320 kV, dose rate of 2.3 Gy/min; Precision X-ray Inc., North Branford, CT) with final doses of 2, 4 and 8 Gy and incubated for 24 h at 378C and 5% CO 2 . Cells were trypsinized and total RNA was isolated using the miRNeasyt Mini Kit (QIAGEN) according to the manufacturer's protocol. Experiments were performed in triplicates.
RESULTS
Whole Genome Microarray Analysis Revealed Extensive Changes in lncRNA Expression Profiles in Mouse Blood Samples after Whole-Body Irradiation
We performed a whole genome expression analysis on total RNA extracted from mouse blood samples after irradiation at different doses using whole genome mouse microarrays (Agilent). These arrays can capture the expression patterns of 4,578 lncRNA probes from the transcriptome of the mouse. The raw data were submitted to the Gene Expression Omnibus, NCBI repository (GSE104121). Total RNA was isolated from mouse blood after whole-body irradiation with either 2, 4 or 8 Gy at 16, 24 and 48 h postirradiation. Sham-irradiated animals served as controls (Fig. 1A) . Intensity values were normalized to the 75th percentile intensity of above background probes on each array. lncRNA probes that passed a cutoff of twofold change and a P value cutoff of ,0.01 (Welch t test) were selected for further analysis. One-way ANOVA was performed, and multiple comparison correction was performed using Dunnett's test. lncRNA probes that passed this stringent statistical analysis were considered as differentially expressed. Supplementary Table S1 (http:// dx.doi.org/10.1667/RR14891.1.S1) lists the number of lncRNA probes that passed the selection criteria at each step. The expression levels of 38 lncRNAs changed significantly at 16 h postirradiation irrespective of radiation dose (Fig. 1B and C) . Similarly, 24 lncRNAs were regulated at 24 h, and expression of 168 lncRNAs was changed at 48 h, postirradiation, irrespective of the dose (Fig. 1B, D and E). There were larger numbers of lncRNAs that were differentially regulated at 48 h postirradiation compared to both 16 and 24 h.
Interestingly, almost all the lncRNA expression changes at 16 h postirradiation were observed in the 8 Gy samples and not in the 2 and 4 Gy (Fig. 1C) . We identified eight lncRNAs induced in response to low-dose radiation and early time point (2 Gy, 16 h) from the microarray data. However, we did not detect many lncRNAs changing at 24 h after 8 Gy irradiation. Sixty-four lncRNAs changed 48 h postirradiation across all radiation doses (Fig. 1E) . In addition, compared to 44 lncRNAs that were commonly altered after 4 and 8 Gy irradiation, there were only two lncRNAs that were commonly altered at 48 h after 2 and 8
Gy irradiation (Fig. 1E) . Supplementary Tables S2-S4 (http://dx.doi.org/10.1667/RR14891.1.S2) list all the lncRNA probes that passed the statistical analysis. The genomic coordinates and the sequence (spotted on the array slides) of the lncRNAs differentially altered after irradiation were used to determine if any of these were annotated, using GENCODE version V15 and RefSeq databases. We found annotations for 15 lncRNAs, of which 11 had a sequence match in BLAST. The annotation information is included in Supplementary Tables S2-S4 . Since most of the lncRNAs in the microarray were unannotated at the time we did these experiments, we also analyzed how known, experimentally verified lncRNAs might change upon whole-body irradiation. Towards this end, we utilized the RT 2 lncRNA PCR Array mouse lncFinder assays, which profile the expression of 84 well-characterized lncRNAs. Correlation to involvement in disease manifestation such as cancer, gene expression, and biological processes have been suggested for each of these 84 lncRNAs. Assays were performed to span a wide range of doses (1, 2, 4, 8 and 12 Gy) across three different time points. A total of 17, 18 and 16 lncRNAs were respectively found to be significantly changing at 16, 24, and 48 h postirradiation regardless of the dose given. The raw Ct (threshold cycle) values observed in the lncFinder array qPCRs are listed in Supplementary Table S5 (http://dx. doi.org/10.1667/RR14891.1.S3). 1110038B12Rik, Miat and Neat1 were exclusively regulated at 16 h postirradiation (Table  1) . H19, Jpx, Kcnq1ot1 and Snhg1 were exclusively regulated at the 24 h postirradiation ( Table 2 ). Firre and Meg3 were exclusively regulated at 48 h postirradiation (Table 3) . 1700020I14Rik, Gm14005(Morrbid), Gas5 and Pvt1 were induced across all the time points in response to radiation (Tables 1-3 ). To better illustrate between the dose differences, lncRNAs (Pvt1, Gm14005, Gas5 and Snhg8) differentially expressed at all the time points in at least one of the doses have also been represented in graphical format. Among these, Pvt1, Gm14005 and Gas5 were upregulated in response to radiation where Snhg8 was downregulated (Fig. 2) .
Microarray and lncFinder Data Comparison Revealed 2 lncRNAs Commonly Regulated in Both Datasets
To find overlap between the microarray and the lncFinder data sets, we compared the list of 15 annotated lncRNAs from the microarray data to the lncFinder data. We found only two lncRNAs regulated in both the microarray data and the lncFinder data. 1110038B12Rik was found to be downregulated at 16 h postirradiation in both the microarray and the lncFinder qPCR assay (Fig. 3A and B) . Tug1 was another lncRNA that was found to be induced in both the microarray and the lncFinder data 48 h postirradiation ( Fig.  3C and D) . This comparison also succeeded in validating the microarray data at the qRT-PCR level.
Concomitant Induction of Cdkn1a, Trp53cor1 and Dino in Response to Radiation
RT-PCR analysis revealed induction of the canonical p53 targets, Cdkn1a and the Trp53cor1 lncRNA upon irradiation ( Fig. 4A and B) . Expression of a novel p53 target, lncRNA Dino was also induced upon irradiation in a dose-dependent manner. We could not detect any expression of Dino in the sham-irradiated controls (Fig. 4C) . Therefore, the dosedependent fold induction was calculated with respect to 1 Gy (Fig. 4D) . Interestingly, Dino is transcribed from the same strand as Cdkn1a partially overlapping Cdkn1a locus, while Trp53cor1 is transcribed from the opposite strand upstream from the Cdkn1a locus on mouse chromosome 17 (Fig. 4E) . Cdkn1a, Trp53cor1 and Dino were also found to be regulated as a response to radiation in MEFs (Fig. 5A) . Gm14005 (Fig. 5B) .
Identification of Tmevpg1 in this Mouse Model as a Potential Radiation-Altered Blood-Based Biomarker
The expression of Tmevpg1 decreases in a dosedependent manner at 16 and 24 h postirradiation ( Fig. 6A  and B) . The expression of Tmevpg1 is seen to increase transiently in the 1 Gy irradiated sample compared to the control at the 48-h time point. All the higher doses repressed the expression of Tmevpg1 at 48 h postirradiation (Fig. 6C) . We could not detect any expression or induction of Tmevpg1 in MEFs (data not shown). Interestingly, the expression levels of Tmevpg1 correlated well with the total RNA recovered from equal volumes of blood from the control and 2-12 Gy irradiated samples (Fig. 6D) . Tmevpg1 might be considered as a potential radiation-responsive blood-based biomarker. Notes. Mouse lncFinder arrays were utilized to profile the status of 84 characterized lncRNAs at different radiation doses (1, 2, 4, 8 and 12 Gy). RNA was isolated 48 h postirradiation, converted to cDNA, and PCR assays were performed according to the manufacturer's protocol. Statistical significance was calculated using ANOVA along with Dunnett's test to compute P values.
a Mean ¼ average relative expression compared to endogenous control [Gt(ROSA)26Sor]. b SD ¼ standard deviation in irradiated vs. sham-irradiated samples.
DISCUSSION
The last decade has seen a significant increase in the description and understanding of lncRNAs once considered to be part of ''junk DNA''. LncRNA genes are being shown to play important roles in development and diseases. They can regulate protein coding genes either in cis or trans, making them important chromatin modifiers. Expression of the lncRNA Xist leads to inactivation of the X chromosome by recruiting the polycomb repressive complex2 (PRC2) (59) . Likewise, lncRNA HOTAIR recruits PRC2 to silence the HOXD locus located on a different chromosome (60) . P53 exerts its actions of global gene repression through induction of lincRNA-p21 (Trp53cor1) (47) . There is clear evidence now that lncRNAs play important roles in nuclear compartmentalization (61) . Numerous such examples show that lncRNAs are emerging as critical players in transcriptional regulation, chromatin modulation and assembling protein complexes. Given the crucial functions lncRNAs play in normal physiology, it is no surprise that changes in their expression are reported in disease conditions such as cancer (62) , cardiovascular pathology (18) , metabolic disorders (63) and nervous system conditions (64, 65) . lncRNA transcripts also exhibit high temporal and tissue-specific expression, are resistant to plasma RNase activity, and are therefore relatively stable in plasma for longer periods of time (15) . All these characteristics, combined with the knowledge that lncRNA expression is modulated in response to radiation, make them attractive candidate biomarkers for radiation biodosimetry studies. ) are plotted across doses. dC t was calculated against endogenous control gene, Gt(ROSA)26Sor. All graphs show mean 6 SD from three animals/dose/time point. ANOVA followed by a Dunnett's post hoc test (treatments compared to control) was performed to compute statistical significance. *P , 0.05; **P , 0.01 and ***P , 0.001.
Very few published studies have delved into identifying lncRNA signatures in response to radiation. Beer et al. have shown that radiation regulates several lncRNAs in a timedependent manner in PBMCs (35) . The caveat in their study is that the radiation dose chosen (60 Gy) was very high and might not be encountered even in accidental situations. In another published study, the response of bronchial epithelial cells to varied doses of radiation (2, 4 and 8 Gy) was investigated (38) . The effects of both low-and high-dose radiation on lncRNA expression have been studied in mouse thymocytes (36) . Tang et al. have shown that lncRNAs may coordinate the response of mammary tissue to low-dose ionizing radiation by modulating the expression of protein coding genes (66) . To our knowledge, there are no published studies on changes in the lncRNA expression patterns after whole-body irradiation in animal models. Therefore, it was of interest to explore the potential of lncRNAs as biomarkers for radiation biodosimetry and as potential indicators of organ-specific injury. We examined the lncRNA expression changes in the blood samples of whole-body irradiated mice compared to sham-irradiated mice. We performed the study using three different doses (2, 4 and 8 Gy) and collected RNA at three different time points (16, 24 and 48 h) postirradiation. We have identified 41 lncRNAs as early time point (16 h) markers for the 8 Gy dose. A substantial number of lncRNA expression changes (304) were observed 48 h postirradiation, of which most changed after 8 Gy irradiation. At only 48 h after low-dose (2 Gy) irradiation, we observed a considerable number of lncRNA expression changes. Most of these were also observed at the higher dose of 8 Gy, although there were 20 lncRNAs whose expression changed only after 2 Gy irradiation 48 h later. At the 24-h time point, we found a greater number of lncRNAs changing after 2 and 4 Gy compared to 8 Gy irradiation.
Given that lncRNA biology is both new and complex, there are limited data on their function and mechanisms of action. We found annotations for 15 of the lncRNAs spotted on the arrays. Since we did not find several well-known lncRNAs even after the annotation, we performed the RT 2 lncRNA PCR Array mouse lncFinder assays to profile the status of 84 lncRNAs, which have been reported to have some disease correlation in the literature. We did not find any lncRNAs differentially expressed in response to a low dose of 1 Gy. Gas5 and Pvt1 were prominent lncRNAs that changed in response to intermediate-to high-dose radiations at the 16-and 24-h time points. Snhg8 was also changed in response to intermediate-to high-dose radiation at the 16-h time point. The growth arrest-specific transcript 5 (GAS5) has been shown to have tumor suppressor properties in several cancers. Radiation leads to DNA damage, activating the p53-dependent DNA repair pathways. Several of the p53-dependent lncRNA targets (Pvt1, Trp53cor1, Tug1, Dino) changed in response to radiation. Tug1 has previously been shown to be induced in response to radiation in several normal and cancer cell lines (35, 67) . Tug1 induction in response to high-dose radiation was observed in both the microarray and the lncFinder analysis at the late time point Rplp0 was used as the normalizing control. All graphs show mean 6 SD from three animals/dose/time point. Statistical significance was calculated using one-way ANOVA, and Dunnett's test was performed to calculate pair-wise P values of treatment sets compared to the control set. Panel E: Schematic showing concomitant induction of Cdkn1a, Trp53cor1 and Dino from the mouse chromosome 17 by P53. *P , 0.05, **P , 0.01 and ****P , 0.0001 of 48 h. We observed concomitant induction of Cdkn1a, Trp53cor1 and Dino. All three genes are important p53 targets and play significant roles in downstream p53 responses. It appears that their adjacent location on mouse chromosome 17 leads to their concomitant induction. This signature was detected in the mouse blood, and validated in MEFs. Interestingly Cdkn1a, Trp53cor1 and Dino genes appear in close proximity in humans on chromosome 6 (40, 47) .
An important finding from this study is the identification of Tmevpg1 as an early downregulated lncRNA even at a dose of 2 Gy. Downregulation of Tmevpg1 was also observed from 2 Gy onwards at 24 and 48 postirradiation. Tmevpg1 gene locus is in a cluster of genes along with IFNgamma and homologs of interleukin-10 in both mice and humans. It was found to be expressed in PBMCs and downregulated upon immune stimulation (52) . It has been proposed that Tmevpg1 might be involved in the control of the Ifng expression. Previously, our group has reported induction of immune regulatory genes (IFN-related signature in particular) in response to radiation (68) . Radiationinduced alteration of Tmevpg1, even at lower doses and early time points, corroborates well with these earlier observations. It can be proposed that Tmevpg1 acts as a radiation-responsive lncRNA at higher doses in this mouse model, just like another lymphocyte microRNA biomarker miR-150 as reported previously by others.
Gm14005 (Morrbid) is another important lncRNA identified in this study as a radiation-responsive lncRNA at all investigated time points. Higher levels of Morrbid are observed in hyper-eosinophilic patients. It is expressed in the cells of the myeloid lineage (neutrophils, eosinophils and monocytes) and protects these cells against apoptosis (53) . Radiation causes a dramatic reduction in the peripheral blood lymphocyte count and a transient rise in granulocyte count, leading to an increase in the relative percentage of the neutrophils and other cells in the whole blood. We speculate that the observed upregulation of Morrbid is due to an increase in the relative percentage of the cells of the myeloid origin in the irradiated samples compared to the controls. To the best of our knowledge, this is the first study reporting Dino, Gm14005 and Tmevpg1 as radiation-responsive lncRNAs in a mouse model after whole-body irradiation.
Based on the current findings, we propose that lncRNAs can be developed as biomarkers to assess radiation biodosimetry. It is likely that a family of RNAs will be useful to not only estimate whole-body dose but also organspecific damage, which is a concept we are pursuing. We are currently working with minipig and non-human primate samples to validate the lncRNA signatures in higher order mammals. Owing to the tissue specificity observed in lncRNA expression patterns, these might help to evaluate normal tissue toxicity and injury during clinical radiation therapy. Table S1 . Total number of lncRNA probes on the array (4,578), details of the selection criteria that were followed qRT-PCR analysis for Gm14005 in MEFs. Each data point depicts mean 6 SD relative expression from three independent experiments across different doses compared to 0 Gy. Gapdh was used as the endogenous normalizing control to calculate fold changes. Statistical significance was calculated using unpaired t test. *P , 0.05, **P , 0.01, ***P , 0.001 and ****P , 0.0001. and number of lncRNA probes passing the selection criteria at each step, for any of the dose points (2, 4 and 8 Gy) for the time points studied.
SUPPLEMENTARY INFORMATION
Tables S2-S4. One-way ANOVA was performed, and comparisons were made among 2, 4 and 8 Gy irradiated versus nonirradiated control samples for respective time points, as explained in Materials and Methods. Tables depict Agilent's systematic identification and accession information. Group-specific P values 0.01 are highlighted in green; intensity ratios 2 are highlighted in red; intensity ratios 0.5 are highlighted in blue. Annotation information in the form of RefSeq ID and lncRNA name has been included for some of the lncRNAs (''-'' in the Blast matched column indicates no BLAST match observed; ''blast'' in the Blast matched column indicates BLAST match was observed). Table S5 . Raw Ct value (threshold cycle number) observed in the RT 2 MouseFinder lncRNA arrays at the ) are plotted across doses. dC t was calculated against endogenous control gene, Gt(ROSA)26Sor. All graphs show mean 6 SD from three animals/dose/time point. ANOVA followed by a Dunnett's post hoc test (treatments compared to control) was performed to compute statistical significance. *P , 0.05 and **P , 0.01. Panel D: Concomitant reduction in the total RNA yield in a dose-dependent manner at all time points. Graph shows mean 6 SD. N ¼ 3 for all the samples.
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